The terminal oxidase for ethanol oxidation in Acetobacter aced was purified as a complex consisting of four subunits (subunits I, II, III, and IV) with molecular masses of 72, 34, 21, and 13 kDa, respectively.
The characteristic activity of the genus Acetobacter in vinegar production is the oxidation of ethanol, which is catalyzed by the two membrane-associated dehydrogenases, alcohol dehydrogenase and aldehyde dehydrogenase. The enzymatic properties of these dehydrogenases have been elucidated (1, 2, 9, 34) , and the genes encoding these enzymes have been cloned and sequenced (10, 32, 33) . Electrons generated in ethanol oxidation are thought to be directly transferred through the respiratory chain to the terminal oxidase via ubiquinone (20) . Acetobacter strains were divided into two groups on the basis of the terminal oxidases; one contains cytochrome a,, and the other contains cytochrome d (3). Williams and Poole (36, 37) observed that the amount of cytochrome o, as the terminal oxidase of Acetobacterpasteurianus NCIB 6428, increased under aerobic culture conditions. Recently, Matsushita et al. (17, 19) reported that cytochrome al ofA. aceti, which is composed of four subunits (55, 35, 22 , and 18 kDa) containing heme b, heme a, and one copper ion, functions as a ubiquinol oxidase. They also examined the effect of aeration on the terminal ubiquinol oxidase and observed that a change in culture conditions caused a change in the composition of the terminal ubiquinol oxidase (17, 18) .
To elucidate the genetic background of the terminal oxidase in ethanol oxidation, we first purified and characterized the terminal oxidase from a thermotolerant strain, A. aceti 1023 (24) , a suitable strain for submerged acetic acid fermentation. We then cloned and characterized the gene cluster * Corresponding author.
encoding all the subunits of the terminal oxidase. In this paper, we describe the enzymatic properties of the ubiquinol oxidase from A. aceti and the cloning and sequencing of the gene cluster. In addition, we compared the amino acid sequence of each subunit with those of other terminal oxidases, especially the Escherichia coli o-type ubiquinol oxidase, which contains heme b, heme o, and one copper ion (5, 22, 25) .
To our knowledge, this is the first report on a gene encoding an a1-type cytochrome functioning as a ubiquinol oxidase.
MATERIALS AND METHODS Bacterial strains and plasmids. A. aceti 1023 (24) is an isolate from a vinegar factory. E. coli JM109, used as the host strain for cloning, and pUC9 and pUC18, used as the vector plasmids, were described by Yanisch-Perron et al. (38) . pHC79 (12) is a cosmid vector for E. coli.
Media and culture conditions. A. aceti 1023 was grown in YPG medium (24) supplemented with 3% (vol/vol) ethanol under aerobic conditions with shaking as described previously (24) . E. coli was routinely grown in Luria broth (6) .
Materials. Q1 was a product of Nisshin Flour Milling Co., Ltd. (Tokyo, Japan), and Q1H2 was prepared by the method of Rieske (27) (19) , except that the preparation obtained by DEAEToyopearl column chromatography was further purified by hydroxyapatite column chromatography. All the purification operations were done at 40C.
Cells were suspended in 50 mM potassium phosphate buffer (KPB) (pH 6.5) and disrupted by passage through a French pressure cell at 20,000 lb/in2. The disrupted cells obtained by centrifugation at 68,000 x g for 1 h were used as the membrane fraction (2.8 g). The membrane fraction was suspended in 28 ml of 50 mM KPB (pH 6.0), and Triton X-100 was added to the suspension to a final concentration of 1% (wt/vol). The mixture was stirred for 0.5 h and then centrifuged at 68,000 x g for 1 h. The resultant sediments (2.0 g) were suspended in 20 ml of 50 mM KPB (pH 6.5), and to this suspension n-octyl-p-D-glucopyranoside was added to a final concentration of 1.25% (wt/vol). The mixture was stirred for 0.5 h and then centrifuged at 68,000 x g for 1 h. Most of the ubiquinol oxidase activity was detected in the soluble fraction.
The supernatant was applied to a DEAE-Toyopearl column (bed volume, 30 ml) previously equilibrated with 50 mM KPB (pH 6.5) containing 1.0% (wt/vol) n-octyl-p-D-glucopyranoside and then eluted with a linear phosphate gradient (50 to 100 mM). The active fractions, which eluted at about 80 mM phosphate, were applied to a hydroxyapatite column (bed volume, 2 ml) previously equilibrated with 50 mM KPB (pH 6.5) containing 1.0% (wt/vol) n-octyl-p-D-glucopyranoside and then eluted with a linear phosphate gradient (50 to 1,000 mM). The active fractions, which eluted at about 700 WAVELENGTH (nm) FIG. 2. Absolute absorption spectra, pyridine hemochromogen spectra, and reduced-minus-oxidized difference spectra of ubiquinol oxidase purified from A. aceti 1023. (A) Absolute absorption; spectra were determined at a protein concentration of 0.25 mg/ml. , oxidized; ---, reduced. (B) Pyridine hemochromogen spectra; pyridine hemochromogen was prepared with purified ubiquinol oxidase (0.25 mg/ml). (C) Reduced-minus-oxidized difference spectra; spectra were determined at a protein concentration of 0.25 mg/ml in the absence ( ) and presence ( --) of 0. 
RESULTS
Purification and catalytic properties of ubiquinol oxidase from A. aceti 1023. Because A. aceti 1023 did not grow with static cultivation, we used cells grown with shaking. Ubiquinol oxidase was solubilized by use of octylglucoside from the membrane prewashed with Triton X-100 to remove alcohol dehydrogenase and aldehyde dehydrogenase and was purified by DEAE-Toyopearl column chromatography. This preparation was subjected to hydroxyapatite column chromatography to remove some impurities that were still detected by SDS-polyacrylamide gel electrophoresis (Fig. 1) . The summary of the purification is shown in Table 1 (Fig. 1) . The absolute absorption and pyridine hemochromogen spectra of the enzyme are shown in Fig. 2 . The ubiquinol oxidase exhibited an absolute absorption spectrum having a and -y bands at 563 and 429 nm, respectively, in the reduced form and a -y band at 414 nm in the oxidized form. The pyridine hemochromogen exhibited two a bands, at 556 and 589 nm. The maximum absorption of the purified enzyme reduced with sodium dithionite in the absence of cyanide was observed at 564 nm, and the addition of cyanide brought forth a band at 591 nm (Fig. 2) . These results indicated that this oxidase contained heme b and heme a, and the contents were estimated to be 4.1 nmol/mg of protein for heme b and 3.9 nmollmg of protein for heme a. The kinetic properties of the enzyme are summarized in Table 2 . The enzyme oxidized ubiquinol but exhibited no activity for reduced horse heart cytochrome c, yeast cytochrome c, or cytochrome c-551 from P. aenuginosa and exhibited low activity for N,N,N',N'-tetramethyl-p-phenylenediamine (1.5 U/mg of protein). The optimum pH was between 4.0 and 6.5. Tween 20 and Triton X-100 (0.01 to 0.02% [wt/vol] ) activated the ubiquinol oxidase activity about fivefold. These results suggest that this oxidase is a cytochrome a1 (ba) that functions as a ubiquinol oxidase and that it exhibits properties similar to those of a cytochrome a, detected in another strain of A. aceti (19) .
We also determined the NH2-terminal amino acid sequence of each subunit by automated Edman degradation after separation of the subunits by SDS-polyacrylamide gel electrophoresis, as follows: subunit II, Cys-Glu-Leu-AspVal-Leu-Asp-Pro-Lys; subunit III, Ala-Gln-Asn-Thr-ThrVal-Gln-Thr-Ala-Gly-His; and subunit IV, Ser-Asn-Pro-HisThr-Ser-Ser-Ser-Gly-Glu. The NH2-terminal sequence of subunit I could not be determined, probably because of some modification at the NH2 terminus. The sequence of subunit II coincided well with that (Gly-Glu-Leu-Asp-Val-Leu-AspPro-Gly) of subunit II from A. aceti IFO 3284 (17) .
Cloning of the gene encoding subunit I of cytochrome a, from A. aced. Cytochrome a' of A. aceti seemed to be closely related to cytochrome o of E. coli because of the similar molecular weights of the four subunits, the same prosthetic group, heme b, and similar kinetics for quinol, although cytochrome o contains a different heme moiety, heme o (17). Puustinen and Wikstrom (25) found that heme o of the bo-type terminal oxidase of E. coli is a heme A-like molecule. Cloning and characterization of the gene encoding cytochrome a1 were expected to yield information at the molecular level to elucidate the structural and functional similarities and differences between these two cytochromes.
There are several blocks of conserved amino acid sequences among aa3-type bacterial cytochrome c oxidases (7, 14, 26, (29) (30) (31) . Several of these blocks are also conserved in the E. coli o-type ubiquinol oxidase (4), especially in subunit I. Therefore, we synthesized oligonucleotide primers I and II VOL. 175, 1993 on January 12, 2018 by guest http://jb.asm.org/ Downloaded from (Fig. 3) on the assumption that the conserved sequences are also present in the corresponding subunit of the A. aceti a1-type ubiquinol oxidase. These two oligomers were used as the opposing primers in the polymerase chain reaction, and total DNA ofA. aceti 1023 was used as the template for the reaction. Agarose gel electrophoretic analysis of the reaction mixture revealed the presence of an amplified 0.5-kb fragment, and this fragment was cloned into the SmaI site of pUC9 for nucleotide sequencing. The nucleotide sequence of the 0.5-kb fragment revealed an open reading frame (ORF) that can encode an amino acid sequence similar to those of subunit I of cytochrome c oxidases and the E. coli o-type ubiquinol oxidase. These findings suggested that the 0.5-kb fragment encoded an internal part of subunit I of the A. aceti a1-type ubiquinol oxidase. We used this 0.5-kb fragment as a hybridization probe for cloning of the entire structural gene encoding subunit I. We first selected one of the positive clones (pMCOX8) from an A. aceti 1023 cosmid bank consisting of 1,000 independent clones. The positive clone contained a 30-kb insert on pHC79. Southern hybridization experiments with the 0.5-kb fragment as the probe and pMCOX8 as the target showed that the probe hybridized with a 4.3-kb KpnI fragment. We then cloned the 4.3-kb KpnI fragment and constructed its restriction map (Fig. 3) . We determined the nucleotide sequence of the region between the AccI and KjpnI sites by using the strategy shown in Fig. 3 . Figure 4 shows the complete nucleotide sequence (nucleotides [nt] 1 to 4028). We found an ORF (nt 1140 to 3134) encompassing the 0.5-kb fragment (nt 1986 to 2402). A putative ribosome-binding sequence was present 8 nt upstream of the start codon. The aforementioned ORF, starting at ATG (nt 1140 to 1142) and terminating at TAA (nt 3132 to 3134), encoded a protein of 664 amino acid residues with a molecular mass of 75,100 Da, consistent with that (72 kDa) of the purified enzyme, as determined by SDS-polyacrylamide gel electrophoresis. The deduced amino acid sequence showed end-to-end similarity to that of the cyoB gene encoding subunit I of the E. coli o-type ubiquinol oxidase (4), with 67% identity, as well as to those of thermophilic bacterium PS3 (14) and Paracoccus denitrificans PD COI (26) (with 44 and 36% identities, respectively). The 7 histidine residues that are putative ligands for heme and CUB in the aa3-type cytochromes (5, 13) and in E. coli CyoB (4) were conserved. Although the NH2-terminal amino acid sequence of purified subunit I could not be determined, probably because of a modification, the amino acid composition calculated from the nucleotide sequence matched that of the purified protein (data not shown), indicating the absence of a cleaved signal sequence, as in the case of E. coli CyoB (22) . We concluded from these data that this ORF (cyaA) encoded subunit I of the A. aceti a1-type ubiquinol oxidase.
Nucleotide sequencing of the region neighboring the cyaA gene. Since the genes encoding the subunits of aa3-type cytochrome c oxidases from other microorganisms and the E. coli ubiquinol oxidase are clustered in the order of subunit II, subunit I, subunit III, and subunit IV (4, 14, 31) , the genes encoding the other subunits of the ubiquinol oxidase of A. aceti were also expected to be clustered near the cyaA gene. As expected, there was an ORF (nt 211 to 1131 in Fig. 4 ) upstream of the cyaA gene. This ORF (cyaB), separated by 8 nt from the start codon of cyaA, encoded a protein of 307 amino acid residues with a molecular mass of 34,900 Da. The NH2-terminal amino acid sequence of purified subunit II was found to be encoded by this ORF (nt 280 to 306), indicating that the NH2-terminal 23 amino acids, with the defined structural features of leader peptides for secretion (35) , are processed from the primary translation product. The molecular mass of the mature protein, 31,586 Da, predicted from the nucleotide sequence, was consistent with that (34 kDa) of purified subunit II, as determined by SDS-polyacrylamide gel electrophoresis, and the predicted amino acid composition also matched that of the purified protein (data not shown). The deduced amino acid sequence of CyaB was similar to that of the product of the cycA gene, encoding subunit II of the E. coli o-type ubiquinol oxidase, with 52% identity, and also to those of the products of the corresponding genes of PS3 (caaA) and PD COII, with about 27% identity. These findings demonstrated that this ORF (cyaB) encoded subunit II of the A. aceti ubiquinol oxidase. (14) , which is presumably involved in binding an inhibitor, dicyclohexylcarbiimide (DCCD), corresponds to Asp-36 of E. coli CyoC (4). Its counterpart in A. aceti CyaB is Asp-32.
We found an additional ORF starting 2 nt downstream of the coding region of the cyaC gene (nt 3741 to 4067). Since there was no termination codon within the 4.5-kb KpnI fragment (Fig. 4) , we cloned the 5.0-kb ClaI fragment that shared the 1.2-kb ClaI-KpnI region with the 4.3-kb KpnI fragment, as shown in Fig. 3 , and sequenced the region adjacent to the KpnI site (nt 4029 to 4108), in which termination codon TAA (nt 4068 to 4070) was present. This ORF (cyaD) encoded a protein of 109 amino acid residues with a molecular mass of 12,300 Da, in agreement with that (13 kDa) of purified subunit IV. The NH2-terminal amino acid sequence of purified subunit IV was found to be encoded by this ORF (nt 3744 to 3773), and the amino acid composition of the mature protein predicted from the nucleotide sequence matched well that of purified subunit IV (data not shown). There was a 53% match of the amino acid sequence with that of subunit IV of the E. coli ubiquinol oxidase and a 33% match with that encoded by PS3 caaD. These findings clearly indicated that cyaD encoded subunit IV of the A. aceti ubiquinol oxidase.
We found a sequence (nt 56 to 79; CCITATGrlTTllA AAGGATAATGG) similar to the putative sequence (ATAA TTAITTGTTAAATAATTGT) responsible for the regulation by oxygen of the E. coli cyo operon (21) , which is (4, 14, 26) . These findings indicate that the a1-type ubiquinol oxidase ofA. aceti is also a member of the superfamily of heme-copper oxidases (4), including aa3-type cytochrome c oxidases and the E. coli o-type ubiquinol oxidase, despite the fact that the substrate (cytochrome c or ubiquinol), the heme (aa3, bo, or ba), and the number of copper molecules (CUA and CUB or CUB) are different. These findings also suggest that a comparison of the cya genes of A. aceti with the cyo genes of E. coli will help identify the catalytic domain and mechanism of electron transfer in these oxidases and also provide a clue for defining the essential amino acid residues responsible for the catalytic function in various types of terminal oxidases.
We have also purified a ubiquinol oxidase with similar properties from A. polyocxogenes and cloned a gene homologous to the cya operon by using a part of the cloned cya gene as a probe (unpublished results). The results imply that Acetobacter strains generally contain an a,-type ubiquinol oxidase as a terminal oxidase for ethanol oxidation in acetic acid fermentation.
